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Ceria-based materials are prospective electrolytes for low and intermediate temperature solid oxide fuel
cells. In the present work, fully dense CeO2 ceramics doped with 10 mol% gadolinium (Gd0.1Ce0.9O1.95)
were prepared with a solegel method and commercially purchased GDC10 electrolyte powders were
processed. Particle sizes of synthesized electrolyte powders were minimized by ball-milling method.
Grinding of the samples were performed in different times intervals (12 h, 15 h, 18 h, 20 h, 25 h, 30 h, 35
h, 40 h and 45 h). Then, these powders were prepared to obtain of solid oxide fuel cells (SOFCs). Per-
formances of these cells having an active area of 1 cm2 were tested using a fuel cell test station that
measured in different temperatures (650 and 700 C). In the present study, gadolinium doped ceria
(GDC10) synthesiszed powders were investigated by using XRD and SEM images. Performance values of
synthesized GDC10’s in different temperature were compared to by commercial GDC10. Commercial
GDC10’s performance at 650 C were tested, and maximum current density of 0.413 W/cm2 and
maximum current density of 0.949 A/cm2 were obtained. Commercial GDC10 at 650 C has better result.
However, synthesized GDC10’s performance at 700 C demonstrated better results than commercial
GDC10’s. The performance tests of samples which are 20 h mill showed that they have the maximum
power density of was obtained as 0.480 W/cm2 and maximum current density of as 1.231 A/cm2.
Copyright  2014, Karabuk University. Production and hosting by Elsevier B.V. All rights reserved.1. Introduction
Solid oxide fuel cells (SOFCs) are electrochemical devices that
convert the chemical energy of a fuel (including hydrogen, natural
gas, coal-derived synthetic gas, reformed gasoline or diesel) into
electrical energy by electrochemically combining fuel and oxidant
gases across an ionic conducting ceramic without combustion, in a
clean, cheap and efﬁcient way [1]. However, the cost of the current
SOFC systems have signiﬁcantly effects on a wide range of com-
mercial applications. In order to be economically competitive, the
cost of the materials and the fabrication should be considerably
reduced. One way for cost reduction is to lower operating tem-
perature so that interconnection, i.e. heat exchanges between the
structural components will decrease [2,3]. Hence, working withfatmaaydin07@gmail.com
ity
duction and hosting by Elsevier Blower temperatures provides utilization from comparatively cheap
metal components in low and intermediate temperature SOFCs. For
this purpose, by using high ionic conductivity electrolyte at low
temperatures, operating temperatures can be reduced [4]. Most
commonly, solid electrolyte materials which are used in SOFC are
yttria stabilized zirconia, doped ceria (e.g. gadolinia doped and
samaria doped ceria), stabilized Bi2O3 and strontium/magnesium
doped lanthanum gallate [5]. YSZ-based SOFC is required to operate
at high temperature of 800e1000 C [6]. However, at high oper-
ating temperatures, some destructive factors such as thermal
mismatch between materials, interfacial reactions at electrode/
electrolyte interfaces and electrode/interconnector interfaces, may
occur [7,8]. For this reason the yttria stabilized zirconia electrolytes
should be replaced with the alternative solid electrolytes having a
higher conductivity at lower temperatures. Ceria based electrolytes
having higher electrical conductivity than that of yttria-stabilized
zirconia at lower operating temperatures (500e800 C) have
received much attention in recent years [9]. Ceria (CeO2) com-
pounds doped with rare-earths which are ﬂuorite type oxides with
oxygen vacancies show a higher oxide ionic conductivity than yttria.V. All rights reserved.
Fig. 1. Single cell fabrication process.
Fig. 2. Experimental setup for testing SOFC.
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ceria has lower cost in comparison with lanthanum gallate based
electrolytes. Doping with Rþ3 ions (such as R¼Gd, Sm, Yetc.) in the
crystal structure of ceria has been found to increase the concen-
tration of oxygen vacancy due to the reduction of Ce4þ to Ce3þ.
Doping with Gd3þ has been enhanced the ionic conductivity of
ceria. Gd2O3 ion doped ceria has attracted much attention as a
potential electrolyte for fuel cells at low operating temperatures
[11]. Among doped ceria compounds, especially Sm2O3 and Gd2O3
doped ceria compounds have remarked to possess the highest
conductivity. Therefore, researchers have recently focused on the
ceria based electrolytes. Since ceria based electrolytes have higher
densities, they provide SOFCs to work under lower operation
temperatures. There are several techniques for preparing Gd2O3
and Sm2O3 doped ceria nano powders such as citrate complexation
[12], combustion [13], hydrothermal synthesis [14,15], microwave-
induced combustion [16], co-precipitation [17], pechini [18] and
solegel [19]. The main advantage of sol gel technique has the
capability of producing ultra ﬁne powders with high purity and
homogeneous phase composition at lower temperatures. More-
over, solegel method as synthesiszing technique has been used
because of the advantages of less dangerous, raw materials more
easily available, as well as can be prepared of pure and homogeny
ﬁlms at low temperatures, providing energy savings and no cause
to contamination et. from other methods (glycine nitrate, solid
state etc.) [20].
In this wise, synthesized powders of (10 mol%, Gd) gadolinia
doped ceria (GDC10) were used as the electrolyte material in solid
oxide fuel cell (SOFCs). GDC10 powders were synthesized via sole
gel technique. This method has advantages of low cost and relative
simplicity [21]. The Crystallite structures and morphologies of
synthesized powders were characterized by XRD and SEM tech-
niques. Obtained to GDC10 electrolyte membrane was covered
by NiO as anode and LSF40 (La0.60Sr0.40FeO3) as cathode. Values
obtained from the performance of solid oxide fuel cell having an
active area of 1 cm2 weremeasured with fuel cell test station at 650
and 700, and ﬁnally compared with commercially used GDC10
[22,23].
2. Experimental details
2.1. Materials
Cerium nitrate hexahydrate [Ce(NO3)3$6H2O], (99.9% purity,
Alfa Aesar) gadolinium (III) nitrate hexahydrate [Gd(NO3)3.6H2O],
(99.9% purity, Alfa Aesar) were used as metal precursors and citric
acid (C6H8O7), (Alfa Aesar) was selected for the polymerization
treatment.
2.2. Powder preparation
Cerium nitrate hexahydrate [Ce(NO3)3$6H2O] and gadolinium
(III) nitrate hexahydrate [Gd (NO3)3$6H2O] were used as metal
precursors and citric acid (C6H8O7) was selected for the polymeri-
zation treatment. Nitrates were dissolved in de-ionized water
individually and then the solutions were mixed in a beaker.
Anhydrous citric acid was dissolved in de-ionized water and then
was added to the cation solution. The molar ratio of total oxide
(TO):citric acid (CA) was selected as 2:3. After homogenization of
this solution, temperature was raised to 80 C and the solution was
kept for 5 h at this temperature with magnetic stirring to remove
excess water. During this time, the colour of the liquid turned from
white to light brown. Then obtained light brown gel was cooled
down to room temperature. The initial thermal decomposition of
the precursor was dried 110 C for 24 h. Subsequently, obtainedproduct was calcined in furnaces (PROTHERM) from room tem-
perature to 600 C at a heating rate of 1.5 C min1 for 24 h in air. In
all cases, the components were ball-milled for 2 h at 150 rpm in a
vessel with zirconia balls. Grinding process applied for different
time intervals (12 h, 15 h, 18 h, 20 h, 25 h, 30 h, 35 h, 40 h and 45 h).
Manufacturing procedures were schematically given in Fig. 1.2.3. Slurry preparation
In this study, gadolinium (III) nitrate hexahydrate, cerium ni-
trate hexahydrate metal salts and citric acid were used as raw
materials for solegel method. Obtained product was calcined at
600 C for 24 h. After from calcination procedure, obtained powders
were grinding (RETSCH PM 100) in different hours (12 h, 15 h, 18 h,
20 h, 25 h, 30 h, 35 h, 40 h and 45 h). After grinding, slurry of these
powders were prepared by using polyvinyl butyral (PVB) as binder,
polyethylene glycol (PEG-200) as plasticizer, menhaden ﬁsh oil as
dispersant and ethyl methyl ketone as solvent for tape casting.2.4. Fabrication process of SOFC single cell
Tape casting ﬁlms were pressed by ﬁrstly hydraulic press and
secondly by isostatic press at the 30 MPa. In this way the pressed
electrolyte ﬁlms were sintered at 1400 C. Sintered electrolytes
were coated by NiO as anode and LSF (La0.60Sr0.40FeO3) as cathode
via screen printing method [18]. The electrochemical performances
of prepared solid oxide fuel cells having an active area of 1 cm2
were measured in the fuel cell test station at 650 and 700 C. The
same procedures were also done for commercial GDC10.
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Fuel cell tests were performed in fuel cell test station (Scribner
855) in Fig. 2, using humidiﬁed 5% H2þ 95% N2 gasmixture, pure H2
as fuels and air as an oxidant.
3. Results and discussion
3.1. XRD measurements
XRD technique was used to determine the crystal structure of
the crystalline phases. X-ray spectra of gadolinium-doped ceria
powders were obtained over the 2 Ө. As it can be seen from Fig. 2,
XRD analysis of the synthesis GDC10, coincides with the commer-
cial. Therefore synthesis of GDC10 was successfully completed
(Fig. 3).
3.2. Investigation of SEM photographs
Fig. 4 is illustrated by the SEM images both the synthesized
GDC10 electrolyte by surface grinding 20 h and commercial GDC10
electrolyte surface. As seen in the Fig. 4a, particle size of the com-
mercial GDC10 is highly growth and grains was quietly heteroge-
neous. Fig. 4b shows pore structure, but grains are highly small.
3.3. Electrochemical measurements
In order to prepare anode and cathode, samples grounded for
different time intervals were coated on the electrolyte by using 66%
NiO containing GDC and 50% LSF-40 containing GDC, respectively.
Afterwards, the samples were sintered, and performance mea-
surements were conducted on 1 cm2 area for anode and cathode.
The performance of samples obtained through synthesis process
was compared with commercially available samples at two tem-
peratures, 650 and 700 C, and the results are given in Figs. 5 and 6
respectively. Performance measurements showed that the studiedFig. 3. XRD results of synthesis and commercial GDC10.experimental parameters (i.e., temperature and grinding time) had
a signiﬁcant effect on the power density. Moreover, synthesized
GDC10 exhibited different performances compared to commercially
available GDC10. Maximum power densities for commercial GDC10
were recorded as 0.413W/cm2 and 0.461W/cm2 at 650 and 700 C,
respectively. Fig. 5 illustrates for the synthesis of GDC10 to current/
power density and current/voltage graphs at 650 C. Maximum
power density of commercial GDC10’s at 650 C was 0.413 W/cm2
and the maximum current density was 0.949 A/cm2. The best per-
formance of fabricated cell with synthesized GDC10 was observed in
the samplemilled 20 h.Maximumpower density of this samplewas
0.391W/cm2, themaximum current density was 0.899 A/cm2. After
synthesizing, 18 and 15 h milled samples showed the performance
values close to the commercial GDC10. These values were recorded
as 0.327 W/cm2, 0.689 A/cm2 and 0.362 W/cm2, 0.895 A/cm2,
respectively. Fig. 6 demonstrates the current/power density and
current/voltage graphs of the synthesized GDC10 at 700 C. Com-
mercial GDC10’s maximum power density at 700 C was 0.461 W/
cm2 and the maximum current density was 1.003 A/cm2. The best
performance of fabricated cell with synthesized GDC10 was
observed in the samplemilled 20 h.Maximumpower density of this
sample was 0.480 W/cm2, the maximum current density was 1.231
A/cm2. After synthesizing, 18 h milled the samples showed the
performance values close to the commercial GDC10. These values
were recorded as 0.380 W/cm2, 0.854 A/cm2, respectively.
4. Summary (conclusion)
The membranes manufactured in house were coated by NiO as
anode and LSF40 as cathode using screen printing technique.Fig. 4. SEM photographs of the electrolytes sintered at 1400 C (a) Commercial GDC10
electrolyte, (b) 20 h grinding GDC10 electrolyte.
Fig. 5. The performance values (650 C) of commercial and synthesizing the GDC10
electrolyte supported cell having an active area of 1 cm2.
Fig. 6. The performance values (700 C) of commercial and synthesizing the GDC10
electrolyte supported cell having an active area of 1 cm2.
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1 cm2 were fabricated. Cell performances were tested electro-
chemically using fuel cell test station at 650 and 700 C. Perfor-
mance measurements of synthesized GDC10 were compared withthose of commercial GDC10 at two different temperatures (i.e., 650
and 700 C). Commercial GDC10 at 650 C has maximum power
density of 0.413 W/cm2 and maximum current density of 0.949 A/
cm2, that is, better from synthesized GDC10. However, synthesized
GDC10 at 700 C which are better performance than commercial
GDC10. The samples 20 h mill, have maximum power density of
0.480 W/cm2 and maximum current density of 1.231 A/cm2. In this
study, XRD and SEM images of synthesized GDC10 were
investigated.
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